Abstract Bovine viral diarrhoea (BVD) affects cattle populations around the world, with significant financial consequences. The losses associated with BVD stem from reproductive loss (in acutely infected cattle), poor productivity of immunotolerant, persistently infected cattle, and indirect losses due to increased occurrence of other diseases because of BVD-related immunosuppression. Control or eradication of BVD is a valuable strategy to reduce losses and ease animal suffering and appears economically justified in the many programs active around the world. This review briefly outlines the epidemiology of BVD and explores the financial implications of infection and the measures that can be taken to reduce them, with an emphasis on the role of diagnostic tests in control programs.
Introduction
Bovine viral diarrhoea (BVD) is a viral disease of cattle caused by BVD virus (BVDV), a Pestivirus of the family Flaviviridae [11] . Acute BVDV infection is generally mild or subclinical, and hence, the disease may be endemically present in a herd without the knowledge of the farmer. However, it is widely acknowledged that this seemingly mild disease still has significant financial impact in infected herds [16, 31, 32] . This paper briefly outlines the epidemiology of BVD in order to explore the costs of infection and the measures that can be taken to prevent them, with an emphasis on the role of diagnostic tests in BVD control.
Pathogenesis and Epidemiology of BVDV
In order to understand the costs associated with BVD, one must first appreciate that it is primarily a disease of the reproductive system, with an element of immunosuppression. The effects of BVDV infection during early gestation have been reviewed by Grooms [22] . That paper describes the low conception and pregnancy rates expected in cohorts of females within which BVDV infection is active. Failure to conceive, early embryonic loss, abortion and stillbirth can all be sequelae of infection [22] . In addition, infection in mid-gestation may result in the birth of calves that are congenitally deformed [75] or specifically immunotolerant to and persistently infected (PI) with BVDV [8] . These PI individuals may suffer from chronic ill-thrift, poor growth rates, increased susceptibility to other disease and poor survivability [30, 73] . Progression to mucosal disease, with inevitably fatal consequences, occurs by acute infection of a PI animal with the cytopathic strain of BVDV that is antigenically homologous to the persisting strain [7] . Alternatively, PI animals may be clinically healthy [44] and indistinguishable from their herd mates without diagnostic testing. PI animals act as the reservoir of infection and maintain BVD in cattle populations as a result of their persistent shedding of copious amounts of virus in all bodily excretions and secretions; these individuals have permanently high viral titre and are in a persistent state of viraemia [8] .
In addition to reproductive disease and creation of PI calves, acute BVDV infection can lead to an increased susceptibility to other diseases, including mastitis and respiratory disease, related to the effects of BVDV infection on leukocytes and the immune system [5] . In one study, dairy heifer calves were found to be 2.4 times more likely to have increased respiratory sounds when BVDV was endemically present in the herd [48] , while in another, herds containing a PI animal had significantly higher incidence of mortality and respiratory disease [12] .
Reported prevalences of BVDV vary substantially, and can be measured as either the prevalence of BVDV-specific antibodies, or the prevalence of BVDV or viral antigen. Prevalence can be recorded at herd level-proportion of positive herds-or at individual level-proportion of positive individuals. Antibody prevalences have been reported from 47.4 to 100 % at a herd level [23, 67] and 14 to 69 % at the individual level [23, 71] , while antigen or PI prevalences have been reported ranging from 4.4 to 40 % at the herd level [4, 67] and 0.3 to 10 % at an individual level [67, 76] (Table 1) .
Financial Costs Associated with BVDV Infection
The direct costs of BVDV infection are losses from reproductive disease [22] , and from the poor performance of the PI animals [30, 73] . A component of this loss is directly related to the increased mortality and morbidity of PI animals [30] . This is particularly significant in feedlots. In one case, only three of 28 PI animals survived to slaughter age [73] . Additional losses are accrued in dairy herds as PI dairy cows tend to be in the lowest 10-20 % producing animals in the herd [28] . The loss from PI animals may not be evenly distributed across years, with a cluster of PI calves being born six to eleven months after the introduction or birth of the first PI animal into a naive herd [29] .
Indirect costs such as decreased production, poor growth and increased incidence of other diseases also have large associated costs [31, 74] . Due to the complex nature of BVDV infection and spread, the approaches applied to model the losses caused by BVDV infection give only broad estimates and most are likely to underestimate the indirect costs. For example, Pasman et al. [55] in their model do not account for BVDV-related immunosuppression. Nonetheless, cost estimates for both, endemic (ongoing), and epidemic (outbreak) BVDV infection exist.
In an endemic disease situation, BVDV related losses are estimated to be approximately NZ$11,334-NZ$29,666 per herd per year (herd size 251-322) [27, 61] , £37-NZ$87 per cow per year [24, 27] or €19 per 1,000 L milk production [16] . At an industry level, Houe [31, 32] notes that estimates of total loss seem to vary from US$10 to US$40 million per million calvings. Estimated losses due to epidemic BVDV infection include losses of US$40,000-US$100,000 per herd in Canada [10] and AU$144,700 in an Australian dairy herd [42] , while replacement of PI heifers alone was estimated to cost between NZ$6,000 and NZ$11,000 per affected herd following outbreaks in New Zealand [14] . These costs are summarised (in US dollars) in Table 2 .
In addition to the financial costs, animal welfare is impacted by both acute and chronic disease caused by BVDV, or by other diseases that increase in severity, duration and frequency due to BVD-related immunosuppression [5, 45] . It is also likely that there are social costs associated with BVD infection. For example, BVD may cause stress for farmers managing ill-thrifty, poor producing or clinically affected animals or may hinder free trade within and between regions. While these costs of BVD infection are difficult to quantify, they are important considerations when considering costs of disease and, consequently, benefits of control or eradication.
BVDV Control Strategies
In response to the financial impact of both endemic and epidemic BVDV infection, control and eradication schemes are, or have been, in place across much of the cattle-producing world, including all or regions of: Austria, Denmark, Finland, France, Germany, Ireland, Italy, the Netherlands, Norway, Scotland, Slovenia, Sweden, Switzerland, and the United States [1, 2, 15, 20, 21, 34, 35, 47, 49, 56, 64, 66, 72, 78] . Details of these schemes are available in the literature. Common features between these programs can be identified, such as: identifying herds likely to be infected through an initial herd level testing phase; clearance of the virus from the herds through the identification and removal of PI animals; and prevention of re-infection by the ongoing need for high levels of biosecurity [33, 47, 66] .
BVDV control schemes are generally designed on the premise that unequivocal identification and elimination of PI individuals from a population will remove the source of infection. Following the eradication phase, reintroduction of BVDV into herds which have been cleared of infection must be prevented. After clearance, the herd will become increasingly immunologically naive to BVDV, and will therefore be at increasing risk of substantial losses should the infection be reintroduced. Outbreaks following the infection of a naive herd have been reported as having a large financial impact [42, 55] . Protection from re-infection with BVDV may include a combination of measures, such as strict quarantine and trade restrictions, testing of all introduced cattle, testing of bulls in artificial insemination centres and vaccination [3, 34, 47 ] (see Table 3 : the Swiss eradication campaign, for a recent example).
Therefore, it is clear that diagnostic tests capable of satisfactorily performing several functions are crucial to BVDV control. These functions include: identifying herds likely to be BVDV infected; identifying PI individuals during the clearance phase; detecting animals that pose a re-introduction risk; monitoring populations and; detecting reintroductions. Fortunately, a variety of diagnostic tests for detection of BVDV, antigen or specific antibodies are available (Table 4) . These tests are generally considered highly accurate [65] , capable of correctly identifying a high proportion of both, positive samples (sensitive) and negative samples (specific).
Application of Diagnostic Tests in Control or Eradication Campaigns

Identification of Herds Likely to be Infected
When attempting to identify infected herds for the purpose of induction into a regional control scheme, a test with a high diagnostic sensitivity is essential to identify the infected animals or herds. Ideally, the test would also have high specificity to ensure farmer acceptance and uptake.
When vaccination is not employed, the most common method for classifying a herd as likely or unlikely to be infected is screening for antibody prevalence in the herd [33] . This may be achieved through testing bulk milk, multiple individual milk or multiple serum samples [33] .
Usually, these samples are tested by antibody enzyme- Springer Science Reviews (2013) 1:85-93 87 linked immunosorbent assay (ELISA). Bulk milk testing by antibody ELISA can be used to estimate seroprevalence in the herd [13, 58] . In France, three consecutive bulk milk antibody tests at 4 month intervals were used to classify as either infected (for follow-up testing for the presence of PI animals) or uninfected herds (clear of the virus) [35] , while a single bulk milk antibody ELISA result was used to decide the need (or not) for further herd testing in Norway [77] , Finland [62] and Lower Austria [63] . In non-milking (e.g., beef) herds, a serological ''spot test''-testing of a representative sample of animals-has been used as an alternative to bulk milk testing [47] , with a high number of positive individuals, or a strong reaction to a pooled blood sample indicating a positive herd. This serological approach has been used in Italy [15] . In the Shetland Islands, full herd serology was carried out, with a single antibody positive animal resulting in a positive herd-level classification [72] . In some programs, where a herd returned a high herdlevel antibody result, antibody testing of samples from young stock (e.g., blood from weaned calves or milk from primiparous cows) was used to determine whether the infection was historic or recent, with antibodies in young cattle indicating recent infection [15, 47, 63, 77] .
In the Netherlands and Switzerland, herd classification was performed on the basis of total herd viral antigen or virus screening using antigen ELISA or reverse transcriptase-polymerase chain reaction (RT-PCR) on ear-notch samples or (pooled or individual) serum, blood or milk samples [49, 56] .
The effectiveness of the chosen method is greatly affected by the criteria under which a herd is defined as positive and the cut off thresholds applied to the test. However, antibody screening methods are seen to be highly sensitive for detection of infected herds [15] , as the antibody seroprevalence within an infected herd is likely to be very high [33] and easily detectable.
Identifying PI Individuals During the Eradication Phase
The identification of PI individuals is usually conducted at herd-level, and requires antigen or virus detection methods. However, as PI cattle do not develop BVDV-specific antibodies, antibody screening can be used to identify seropositive cattle, rule them non-PI (as PI individuals will be seronegative), and reduce the number of samples that need to be submitted for the (traditionally more expensive) antigen or virus testing [33] .
The antigen ELISA is most commonly used for detecting PI cattle during control schemes [49, 56, 72] . Antigen ELISA has the advantage of being less expensive than RT-PCR when used on the large numbers of individual samples as would be experienced in control programs. If pooling of samples can effectively be employed in PCR testing, the testing cost per individual animal can be reduced. Antigen ELISA and PCR are preferable to both: immunohistochemistry as they are not restricted to tissue samples; and immunoperoxidase assay as they do not require cell culture laboratory facilities [65] . In addition, antigen ELISA is preferable to both immunohistochemistry and immunoperoxidase assay as it is less labour intensive. Neither immunohistochemistry nor immunoperoxidase assays are commonly used in control programs.
In Lower Austria, both antigen/serum and antigen/leukocyte ELISAs were utilised (with serial interpretation) to increase certainty in test results [63] . Special testing protocols sometimes exist for young calves, where the presence of maternal antibodies has the potential to interfere [56] . Follow-up testing of newborn calves followed throughout the second year [it would be impossible to eradicate BVDV in a shorter time frame in the absence of a test capable of detecting PI fetuses in utero (see Identifying PI individuals during the clearance phase)]. The campaign was accompanied by movement controls, preventing cattle from moving between farms (potentially re-infecting clear(ed) properties), only permitting stock moving to slaughter at abattoirs. In a period of 2 years, the Swiss eradication campaign was successful at reducing the proportion of newborn calves that were PI from 1.5 % to\0.2 %, with a total of 12,092 PI animals removed from the population during the first year and 5,199 PI calves detected and culled in the follow-up year [57] . At September 2010, only 404 herds (\1 %) were still undergoing testing to identify PI animals [57] . Upon completion of eradication, sources of reintroduction must be considered-in Switzerland this includes the beef cattle population (particularly bulls being used in dairy herds [14] ), wildlife and other domesticated species (potentially including sheep [36] , goats [37] and deer [38] ), animals being introduced from other countries and contact with cattle populations in neighbouring countries -especially during summer alpine pasturing [70] .
Häsler et al. [26] investigated the economic benefit of the Swiss eradication campaign and concluded that there was a net financial benefit, with long term endemic disease costs that would have continued to be incurred outweighing eradication costs. The break-even point was expected to be reached as early as 2012. In addition to the financial benefits, it is likely that there are both social benefits and animal welfare benefits resulting from eradication. Freedom from this disease is likely to reduce farmer stress associated with management of ill-thrifty, poor producing and clinically affected cattle, while from an animal welfare standpoint, reduction in both acute and chronic disease associated with BVD and BVD-related immunosuppression is a positive outcome.
with antigen ELISA results [6, 68, 80] . Predominantly, these calf testing protocols involve delaying testing until calves are [10-12 weeks of age [49, 72] .
RT-PCR testing of pooled blood is in routine use for PI detection in Somerset, England [4] . Further efforts to reduce the cost of testing for PI cattle may include stratification of the herd based on production parameters, as all PI animals identified by Hill et al. [28] were in the lowest 10-20 % producing animals. This approach allows a reduction in the individual number of tests necessary [28] . However, testing all animals in a herd using pooled samples would still be advisable to ensure no higher producing PIs are missed. Programs which rely on whole-herd PI screening for herdlevel classification, such as those of the Netherlands and Switzerland, have the advantage of completing herd-level classification and PI animal identification in one step. However, the serological status of these herds remains unknown. In such a situation, it is difficult to track the herd for the decline (or absence of decline) in seroprevalence that signifies successful (or not) virus clearance. Similarly, this prevents biosecurity and monitoring procedures from being tailored-for example, it is difficult to assess the value of vaccination or to recognise any change in the serological status that may signal the reintroduction of BVDV.
Follow-up testing of all calves born in the following 9-12 months must be undertaken, to identify any PI animals that were in utero at the time of initial testing.
Detecting Animals Which Pose a Reintroduction Risk
All new animals being introduced to a BVDV-free herd or region pose a risk for potential reintroduction of the virus. The most effective way of preventing reintroduction to cleared herds is to test all incoming cattle for their BVDV status and to eliminate PI animals. This can be incorporated at the regional level through transport restrictions on animals that have not been BVDV tested. This process is, diagnostically, relatively simple, with antigen ELISA or RT-PCR available for this purpose. Ear notch sampling is particularly valuable in this situation at the herd level, as the sample can be taken by the farmer pre-introduction. Furthermore, commercially available SNAP antigen tests (SNAP BVDV Antigen Test, IDEXX Laboratories Inc., Westbrook, Maine, United States) allow for cow-side testing, with a result returned in \20 min. 1 However, current diagnostic tests are unable to reliably detect PIs in utero, and a cow carrying a PI fetus remains a reintroduction risk. While antibody ELISAs have been applied for this purpose, only low to moderate specificity was achieved at thresholds selected for sensitivity [9, 46] . These so-called Trojan cows and their in utero PI calves are responsible for a large proportion of re-infections of BVDV into cleared (PI-free) herds. In Denmark, 28 % of reinfections were the result of introduction of a cow carrying a PI fetus [3] . It is commonly recommended that the purchase of pregnant, seropositive cattle be refused [15, 72] or that the resultant calf be isolated at birth until testing can confirm whether it is PI or not [3] . [Note: while pregnant, seronegative cows do not pose an infection risk in the form of a PI fetus (as the fetus cannot be PI without recent acute infection of the cow), the cow should, as with all seronegative cattle, be tested for PI.] As a cow spends nine of every 12 months pregnant for the majority of her life, restricting trading of pregnant cattle becomes impracticable. A diagnostic test capable of identifying cows carrying PI fetuses would be a useful tool in tackling BVDV [9] .
Monitoring for Re-infection
For the most part, monitoring for reinfection is carried out at herd-level in the form of continued antibody testing of each new cohort of young stock or of the entire herd, with this information incorporated, where relevant, into regional control efforts. In the Netherlands and Norway, pooled milk from primiparous cows or a serum ''spot test'' from young stock (often replacement heifers) was used for this testing [49, 77] . Regular bulk milk antibody testing has been mentioned as a possible method of tracking the decline in seroprevalence that a virus-free herd would experience over time, with a (potentially slight) rise in bulk milk antibody levels indicating reinfection [33] . The diagnostic value of such a rise will improve as seroprevalence in the herd decreases over time. Here, the benefits of the convenience and low cost of bulk milk antibody testing may allow for more regular testing of herds, while young stock testing is more intensive and may be carried out less frequently. However, it should be noted that a rise in bulk milk antibody levels may result from the introduction of a seropositive cow to a herd in which seroprevalence is low. This may be of particular relevance when a control scheme is not compulsory and herds with high seroprevalence are available as a source for introduced animals. The interpretation of antibodies in young stock may be more straightforward, and allow for more certainty in test results, than a slight rise in bulk milk antibody levels.
A Note on Sources of Reintroduction
As the population becomes progressively more susceptible to BVDV infection and the occurrence of BVDV PI animals remains low, the true effects of less efficient means of infection transfer will become clear. In the presence of the high infectious pressure from PI individuals, it is easy to discount transmission from acutely infected animals, interspecies transmission and transmission via contaminated equipment such as nose tongs and needles. However, experimentally it has been shown that these routes of transmission are possible [25, 52, 54] . Indeed, reports of ongoing virus circulation in herds that were believed to be free of PI animals [50, 51] suggest that these methods of transmission, while less efficient, may be sufficient to maintain the infection until a PI calf is born.
The Use of Diagnostic Tests in Vaccinated Populations
It has been noted that the eradication of BVDV PI cattle is not achieved at population level when vaccination alone is practised [45, 59] , although clearance does occur in some vaccinated herds. Continually waning immunity-either maternal or vaccinated-ensures that less than 100 % of the herd is likely to be immune at any one time. As a result, a vaccinated herd is still likely to contain susceptible animals. This means that BVDV is still a threat in vaccinated herds [45] . This threat may be increased due to an increase in risky behavior, owing to a false sense of security associated with vaccination [45] . As such, diagnostic tests are still required to identify infected, vaccinated herds. However, BVDV vaccine use can complicate the diagnostic testing process and the interpretation of test results. In particular, BVDV antibody testing can be affected, as the assay employed may be unable to distinguish between vaccinal antibody responses to BVDV or antibody responses to field infection [19] , thus rendering BVDV antibody-testing ineffective. On the other hand, the use of anti-NS3 or p80 protein ELISAs may allow differential antibody testing [79] , focussing on the detection of antibodies directed against nonstructural viral proteins (produced by actively reproducing virus), as compared to the detection of antibodies directed against structural viral proteins (also present in vaccinescontaining inactivated virus). However, a recent study struggled to differentiate between vaccinal antibodies and antibody responses seen during the early post-infection phase [60] . The development of a vaccine allowing the clear differentiation of infected from vaccinated animals would allow a clear distinction between natural immunity and vaccinal antibody. Whole herd PI screening for virus antigen with either antigencapture assays or RT-PCR may be the answer in such situations. While high levels of colostrum-derived antibodies can temporarily reduce the ability of these methods to detect young PI calves [17] , the presence of (lower levels of) vaccinal antibodies is unlikely to do so. In dairy herds, this can readily be achieved by utilising a combination of RT-PCR on bulk milk and serological or ear notch testing on non-milking animals. Care should be taken when selecting diagnostic tests for use in vaccinated populations, with careful validation of those tests necessary to ensure confidence in the results.
Conclusion
Through an understanding of the epidemiology of BVDV infection, the impact of the disease-decreased production, reduced reproductive rate and increased occurrence of other diseases-may be minimised or eliminated through control or eradication. Primarily, BVD control programs aim to eradicate the virus by eliminating the main source of viral spread-PI individuals. An understanding of the available diagnostic tests and their respective strengths and weaknesses allows this to be carried out, both time-and cost-efficiently. Once eradication is complete, it is necessary to put measures in place that maintain freedom from BVDV. This may involve a combination of protective measures to increase biosecurity, including diagnostic testing of introduced stock and vaccination. Both, the Swiss dairy BVDV campaign and the Norwegian BVDV control program have been observed to be economically beneficial [26, 77] and are likely to have positive social results and animal welfare outcomes.
